Abstract -In a simulation of a superconducting strand, it is usual to treat the strand as superconducting wire and copper wire in a parallel connection. When simulating a multi-stranded cable, strands are treated as a mixture of superconductor and copper, usually. All parameters are calculated from combination of those for superconductor and copper. This means the role of copper was just changing properties of the strand. However in real current transition process, copper matrix may play a role of a path of current and heat. In this paper, one strand is considered as two wires; superconductor and copper, and calculations were done for a cable with two strands. The simulation model and some results which show behavior of the copper matrix in quench process are presented in this paper. The difference between 'matrix heating' and 'filament heating' is discussed, also.
I. INTRODUCTION
Many analytic and numerical calculations have been done for simulating the quench development in a superconducting wire or cable [1]- [5] . Usually a strand was treated as a parallel circuit of superconductor and copper having a very good electrical and thermal contact [6] .
When a multi-stranded cable is calculated, one strand is considered as one wire having an averaged property of the superconductor and the matrix [3] - [5] . With this assumption, when a normal zone is nucleated in one of the strands, the current moves directly from one superconductor to another superconductor.
However in a real superconducting cable, there is no direct contact between superconductors, and all the transition current should pass more than two copper matrices. This paper uses a more realistic circuit model for a two-strand cable as shown in Fig. 1 . 
EQUATIONS
The circuit equation for the one loop of elements (ij) and (i+lj) is given as follows;
where, is the resistance of the element (ij) and RdiJ) is adjacent resistance between elements ( i j ) and (i+l j). L(ij)(k,r)
is the mutual inductance between the elements ( i j ) and (k,T), and L(iJl(iJ3 is the self inductance of the element ( i j ) . I(ij) and I.ciJ) are the currents in the element and the contact, respectively. The current in the contact can be represented by element currents as follows,
The total current of the two-strand cable (Ifofu,) is a constant value during the calculation. The total current is the sum of the currents in the four wires, and this condition is presented by the following equation. Combining all the (3xn) loop equations and the n equations for current condition shown in (3) produces the following matrix equation, ( 4 ) [L] is a matrix of size (3nx3n). This matrix is calculated from the self and mutual inductances of all elements. [RI is calculated from the resistances, and the size is (3nx3n). [GI is a column matrix with 3n elements including zeros and Zfofu,.
All the self and mutual inductances are computed from the geometry of the elements in the circuit (Fig. l) , and are used in the simulation. For example, The computed self inductance of the element (1,l) is 2.1 1 x 1 0-9 H. The self inductance of the element (2,l) is 2 . 7 9~1 0 '~ H, and all the mutual inductances have smaller values.
Equation (4) is the governing equation, and each element of the matrix [RI is presented as a fimction of temperature.
The heat balance equation is used to calculate temperature of each element [5], [6] . For each time step in calculation, ( 5 ) where C, is the volumetric specific heat of the element and A 0 is the temperature increment in the element during one time step.
In the above equation, "heat generation" includes the Joule heatings in the element and in the contact resistances. "Heat input" is the conduction heat from neighboring elements of higher temperature. "Heat output" includes the conduction to the cold neighbours and cooling helium.
Temperature of each element can be calculated from ( 5 ) knowing the temperatures of the previous step. All the other parameters -resistivity, heat conductivity, specific heat of superconductor and copper -are then calculated at the values of temperature, current density and magnetic field.
All the necessary equations were combined together and translated into a program in C language, and as many as possible cases were simulated. The parameters and physical values used in this paper are shown in Table I .
Unfortunately, many parameters are unknown, and the values in Table I are taken arbitrary within reasonable ranges of the values. Because of this, many test calculations were done with parameters in a wide range to confirm validity of this simulation. Usually, one hundredth to one hundred times of values given in Table I were used in the test runs.
The result of this test was good enough, the cable showed the same tendency in the wide range of parameters, and we could catch the behavior of filaments and matrices in strands.
C;AQ = (heat generation) + (heat input) -(heat output)

RESULTS OF SIMULATION
A. High current quench and low current quench Fig. 2 shows the currents in the filaments and the matrices after the superconducting filamentary zone of one strand ('Fil 1 ') is quenched by energy deposition. The transport current is 80% of the cable critical current. This means that before heating, each strand is carrying 40 % of the cable critical current or 80 % of its own critical current. When the 'Fil 1' quenched, the current moves to the matrix of the strand ('Mat 1') and 'Fil2.' When the current in 'Fil 2' reaches its critical value, the cable quenches. This quench process occurs only when the total cable current is more than the 'quench current' of one strand. If the total current is less than the 'quench current' of one strand, a current transition cannot make a quench. Fig. 3 shows the case of low current. Almost all of the current moved to 'Fil 2' and went into a steady state after about 15 ms, but heat energy is still moving from 'Fil 1' to 'Fil 2,' and the temperature of 'Fil 2' is increasing. If this heat energy is enough to make a quench in 'Fil 2' this cable will be quenched.
In both cases of high current and low current, 'Mat 1' plays a role of a current buffer. This means that the matrix of the heated strand prevents a direct current transition from a superconductor to a superconductor. However, the matrix of the second strand does not participate in this current resharing. The negative current in the 'Mat 2' is caused by inductive voltage. In a numerical calculation, filaments and matrices are treated as elements of a given length, in series connection. All of the elements have self and mutual inductance, and the mutual inductance can induce negative voltage and hence negative current. A real cable is not divided by elements, and the negative current should be very small.
B. Filament heating and matrix heating
The role of these matrices does not change when the matrix of a strand is heated and then the cable quenches, as shown in Fig. 4 . This figure shows almost the same curves as Fig. 2 , and this means that the quench process in the matrix heating case is the same as the filament heating case.
The most visible difference is in the behavior of Fil 1 and Mat 1 at the beginning. 'Current decreasing in Fil 1' starts just after heating in the case of the filament heating. On the contrary in the matrix heating case, there is a time delay and the "decreasingyy itself is slow. However, after some time (about 2 ms in Fig. 4 ) the two cases show almost identical curves.
Though, the curve shapes are very similar, the minimum quench energy (MQE) values of these two cases are very different. The MQE values for the filament heating and matrix heating are 39.9 pJ and 160 pJ, respectively. This means that making a quench by heating the matrix needs 4 times more energy.
C. Classical model and 2-strand 4-wire model
The results obtained by the "2-strand 4-wire'' model are now compared with the classical "mixed model" calculation. For the comparison, the strand current is obtained by addition However, the peak value of current is at 3.3 ms in the 2-strand 4-wire calculation and 0.8 ms in the mixed strand calculation. This suggests that the actual quench process may take a much longer time than estimated by a "classical" calculation.
First of all we can see these two methods are in a good agreement. These two figures show almost the same curve shapes and the peak current is the same. of the filament current and the matrix current, as shown in Fig. 5 . This figure also shows the strand currents calculated D. Minimum Quench Enera (MQE) cab/e from the mixed model. Fig. 6 shows MQE values of a single strand and a 2-strand cable calculated by the 2-strand 4-wire model. The MQE curve of a strand obtained by mixed strand model is also shown in this figure. The results of the calculations show that the MQE of a strand for the filament heating is a little bit lower than that of mixed strand model, and MQE for the matrix heating is much higher than that of mixed strand model.
In the case of 2-strand cable, when the current is over 0.6 I,, the MQE curves are in a parallel position with single strand curves. In low current region 2-strand MQE curves are apart from the single strand MQE curves. This is because of the different quenching processes for high current and low current, as explained with Fig. 2 and Fig. 3 . Quench current of one strand is about 0.6 IC of cable. In Fig. 6 the two 2-strand MQE curves cross at 0.41~. It means that the matrix heating MQE is less than the filament heating MQE when current is very low. When matrix is main heat energy flow is from Mat 1 to Mat 2 and to Fil2. In the case of the filament heating there is one more step in the heat transfer, which is Fil 1 to Mat 1. This additional step makes the heat transfer less efficient. This lower efficiency explains the crossing of two MQE curves for 2-stranded cables.
The most important conclusion we can retrive fiom Fig. 6 is the relation between experimental MQE values and the real quench energy. In experiments, we heat the surface of a strand by small spot heaters, and this means heating in experiments is more close to matrix heating. Fig. 6 shows that MQE of filament heating is much less than that of matrix heating. Hence, it can be said that the cable can be quenched by a lower energy, if something happens in filaments. 
1V. CONCLUSIONS
We could see the differences between a high current quench process and a low current quench process. A high current quench is triggered by a current transition and a low current quench is triggered by a heat transfer. Filament heating and matrix heating showed very similar quench process, but the MQE values of the matrix heating are much bigger than those of the filament heating. This is because only a part of the matrix energy moves into the filament.
The copper matrix in current decreasing strand plays a role of a current buffer, but the matrix in current increasing strand does not participate at the current transition.
Real quench process may take longer time than that expected by the classical mixed strand calculation.
